The determination of heavy metals in cocoa beans and chocolates is of great importance, due to increasingly stringent regulations being implemented by international legislative bodies and chocolate manufacturers, to protect the health of their consumers. While various techniques exist for heavy metal analyses in cocoa, this study developed a cost-effective, accurate and precise method capable of processing up to 120 samples per batch for the determination of cadmium, copper, nickel and zinc. For sample extractions, a normal laboratory hot plate and locally fabricated high-capacity digestion blocks were used, instead of dedicated block digestion or microwave digestion systems. In addition, only concentrated nitric acid was used, instead of mixed reagents used in standardized methods, for metal extractions from samples, with a sample: extractant ratio of 0.5 g : 10 mL, digestion at 130 ºC, followed by filtration and analysis by flame atomic absorption spectrophotometry. The method was validated with Certified Reference Materials, with heavy metal recoveries generally >95%. Additionally, an in-house quality control sample of ground cocoa nib analyzed together with the Certified Reference Materials was used to monitor the consistency of analyses of heavy metals in cocoa bean samples.
Introduction
Food is one of the main sources of heavy metal intake in consumers (Zukowska & Biziuk, 2008) . Some are essential nutrients (Cu, Ni, Zn) needed by our bodies, but all of them can be harmful if ingested in heavily metal-contaminated foods or beverages (Food Standards Agency [FSA], 2010) . Recent trends in food safety issues have generated concerns over the presence and levels of heavy metals in cocoa. For instance, the American Environmental Safety Institute took legal action in 2002 against chocolate manufacturers, for excessive levels of Pb and Cd found in chocolate (Anderson, 2011) . Other reports of heavy metals (Cd, Cu and Ni) in cocoa beans and chocolates are also of concern to cocoa producers (Dahiya, Karpe, Hedge, & Sharma, 2004; dos Santos et al., 2005; Jalbani, Kazi, Afridi, & Arain, 2009 ). Consequently, international legislative bodies, as well as chocolate manufacturing countries have introduced new regulations for the protection of the health of their consumers (Ducos, Hamester, & Godula, 2010; Dickson, 2011; European Food Safety Authority [EFSA] , 2011. In this respect, reliable methods for determining heavy metals in cocoa and chocolate are required for enforcement of such regulations. the two main methods by which metals in these samples are extracted (Soylak, Colak, Tuzen, Turkoglu, & Elci, 2006) .
Wet digestion includes the extraction of samples by an acid or mixtures of acids in open boiling tubes heated on hot plates, with tubes held in aluminum heating blocks (Dahiya et al., 2005; Korn et al., 2008; Duran, Tuzen, & Soylak, 2009 ), or in closed or pressurized digestion vessels with thermal (Mounicou et al., 2002) or microwave heating (Srogi, 2006; Güldaş et al., 2008; Dickson, 2010) . In contrast, dry ashing is done through thermal decomposition of samples in crucibles in a muffle furnace, followed by dissolution of the metals in the ash by acids (Lee & Low, 1985; Onianwa et al., 1999; Jorhem & Engman, 2000; Güldaş, 2008) . The metals in sample extracts are subsequently determined using electrochemical (Karadjova, Girousi, Iliadou, & Stratis, 2000) or spectroscopic techniques, such as atomic absorption spectroscopy (AAS) (Srogi, 2006; Güldaş et al., 2008) and inductively coupled plasma mass spectrometry (ICP-MS) (Mounicou et al., 2002) .
A number of these procedures available for the determination of heavy metals in cocoa beans and cocoa products are costly, in terms of capital and recurrent costs, time-consuming and hazardous. However, regardless of method used, it is essential that cost-effective and robust analytical methods be developed to ensure accurate and precise analyses for monitoring and control of heavy metals in cocoa. In many cocoa-producing countries, the ability to monitor the levels of heavy metals in exported cocoa beans is essential in meeting food safety standards used by buyers, but many test methods require equipment, reagents and technical expertise not readily afforded in many countries.
For this study, a simple and inexpensive wet digestion method using nitric acid and open tube extraction of cocoa beans and chocolate, followed by flame atomic absorption spectroscopic determination of selected heavy metals Cd, Cu, Ni, Pb and Zn is described. The procedure was systematically optimized with respect to acid:sample ratios, digestion time and overall sample extraction, to produce a cost-effective, sensitive method of analysis, with high sample throughput.
Materials and Methods
All water used for sample preparation and cleaning of glassware in this study was glass-distilled and then deionized. In order to avoid trace metal contamination, laboratory glassware and other utensils used in all analyses, were washed with a suitable detergent, soaked in an acid bath of 2 M nitric acid for at least 24 hours, rinsed in distilled deionized water and dried in an oven at 50 ºC. All reagents used in this study were of analytical grade. Nitric acid (J. T. Baker) was added to sample using calibrated dispensers (Bibby Sterilin Ltd, UK).
Instrumentation

Heating and Digestion System
Part of the equipment used for extraction of heavy metals from samples was locally fabricated, namely two aluminum alloy blocks (30 × 30 × 5.5 cm) each drilled in an 8 × 8 grid of holes, each 4.5 cm deep and 2.5 cm in diameter, with a total capacity of 128 spaces for 15 × 2.3 cm borosilicate boiling tubes (Sigma-Aldrich, USA). These blocks were used for sample digestion by heating on a 78 × 30 cm hot plate (Thermo Fisher Scientific, Lindberg/Blue M) calibrated and set at 130 ºC for sample digestion.
Holes for mercury thermometers (0-300 ºC) were drilled at regular intervals among the tube holes, to allow the block temperature to be monitored throughout sample digestions. The settings on the hot plate and the corresponding temperatures of the heating blocks were first assessed, to determine the setting of 130 ± 5 ºC in the blocks. Once determined, the positions of the temperature settings were marked, corresponding to the block temperatures required, so that sample digestions could be performed efficiently, with the thermometers being used to confirm the temperatures reached.
Heavy Metal Determinations
A flame atomic absorption spectrophotometer, (Varian SpectrAA Model 880, Australia), was used for the determination of metals throughout this study. A range of working calibration standards (Spectrosol, BDH, UK) of cadmium, copper, nickel and zinc was prepared daily when required and used to optimize the response of the instrument for each element. These analyte standards also allowed sample metal concentrations to be determined using linear or non-linear regression as appropriate.
Sample Preparation of Cocoa nibs
Fermented and dried cocoa beans were oven-dried in aluminum foil at 50 ºC to constant mass (about 12 hours) to remove residual moisture. Dried beans were left to cool and later carefully cracked to separate the nibs from the www.ccsenet.org/jfr Journal of Food Research Vol. 4, No. 1; 2015 shells, which were then ground separately in acid-washed ceramic mortars and pestles, sieved through 750 µm stainless steel sieves, mixed well and stored in clean plastic containers for analysis.
Optimization and Validation of Heavy Metal Determinations
The procedure to determine the heavy metals was optimized using 0.5 g aliquots of a homogenous ground cocoa nib sample (section 2.3). Optimization consisted of varying both the sample digestion time (intervals of 2, 4, 6, 8 hours) and volume (5, 7.5, 10, 12.5, 15 mL) of concentrated nitric acid for the digestion. This was done to establish an optimal time and acid volume that would yield the highest concentration of each heavy metal recovery from a sample. The method was validated using Certified Reference Materials (CRM), namely National Institute of Standards and Technology (NIST, USA) SRM 2384 baking chocolate for Cu and Zn, but unfortunately lacked certified levels for Cd and Ni. In spite of intensive efforts, no cocoa powder or other cocoa product CRM certified for these metals was available from international suppliers. Consequently, NIST SRM 1570a spinach leaves containing certified values for the four metals was used to validate and conduct quality control checks of the method developed. In addition, a sample of locally produced cocoa beans containing the four metals was finely ground and sieved (<100 nm), to produce an in-house control sample. This control sample was analyzed alongside every batch of CRM and cocoa samples being investigated in a national study, over a period of two years. This allowed the variability of the test method with a cocoa sample to be monitored, as well as its accuracy and precision to be controlled with the CRM.
Chemical Analysis
Each sample was weighed out in triplicate (0.5 g) into boiling tubes for analysis. To each analysis sample, 10 mL concentrated analytical grade nitric acid (JT Baker, USA) was added by a reagent dispenser and mixed well in a ventilated fume hood. Sample tubes were covered with clean glass plates to prevent aerial contamination and allowed to pre-digest overnight (12-15 hours) at room temperature. Reagent sample blanks were prepared simultaneously. The pre-digested samples were then refluxed on an alloy-block heater set at 130-135 ºC for 6 hours, to completely digest samples. Samples were swirled at intervals during the process, to ensure that all the material was digested.
After acid digestion, samples were cooled to room temperature, 5 mL deionized water was added to dilute the contents of each boiling tube and the extract filtered through Whatman no. 542 filters into 25 mL volumetric flasks. Each solution was made up to volume with deionized water rinses of the residues, mixed thoroughly and analyzed by flame atomic absorption spectrometry.
Quality Control
Sample blanks were prepared with every batch of samples, to correct sample readings for any background or contamination levels of heavy metals in reagents, filters or distilled water used. Calibration check standard solutions were also analyzed at regular intervals (1 in every 10 samples) during sample analyses, to monitor and control responses of the atomic absorption spectrometer.
Once the test method was validated with the CRM, its reproducibility was further monitored and controlled in a study which investigated heavy metals in cocoa. For each batch of cocoa samples, SRM 1570a and SRM 2384 were analyzed over a 2-year period. Additionally, a homogenous cocoa nib sample prepared as described in Section 2.3 was analyzed with every batch of samples and CRM, to check the reproducibility of heavy metal analyses over this time. This cocoa nib sample was thus used as an In-house Quality Control Material (IQCM), together with the CRM to monitor the ongoing quality of the method of analysis.
Statistical Analysis
Statistical comparisons among mean concentrations of each selected metal were evaluated, using Analysis of Variance (ANOVA) at p 0.05, with statistical software Minitab (version 16), 2010. Table 1 illustrates mean heavy metal concentrations ± standard deviations (SD) of triplicate 0.5 g aliquots of a ground and sieved cocoa nib sample at different digestion times and volumes respectively. One-way ANOVA with Fisher's test at 95% C.L. showed significant differences (p<0.05) among mean values between 4 and 6 hours digestion time for Cu, Ni and Zn, but not for Cd. In comparison, 10mL nitric acid with 0.5 g sample produced significantly higher (p<0.05) recoveries of Cu than the other volumes used, while acid volume was not a significant factor for Cd, Ni and Zn recoveries. Consequently, 10mL nitric acid with 0.5 g sample, digested for 6 hours were chosen as optimal for the extraction of the four metals from the cocoa bean sample. Similar www.ccsenet.org/jfr Journal of Food Research Vol. 4, No. 1; 2015 conditions were subsequently used to validate the test method using the two CRM, to determine the accuracy and precision of the test method. The local cocoa nib sample was also analyzed alongside the CRM, to determine its metal concentrations and to allow its use as an Internal Quality Control Material (IQCM) in monitoring the consistency of recovery of the four metals over an extended period. 
Results and Discussion
Optimization of Experimental Conditions
Method Validation
The optimized method of analysis for the four selected heavy metals was subsequently validated using CRM SRM 1570a and SRM 2384. Percentage recovery results are shown in Table 2 . Each detectable metal analyzed in SRM 1570a and SRM 2384 respectively compared well with its certified values, having recoveries ranging from 90.7 to 104.4%. Relative Standard Deviations were also less than 10%, indicating acceptable precisions of analyses for the four metals detected and determined. While the % recoveries for Ni were only 91%, such recoveries were similar to those reported by Hseu, 2004; Flores-Meza, 2008; Moradi, 2008 for digestion of other plant materials using nitric acid and may reflect the need for more aggressive extraction techniques, such as use with perchloric or hydrochloric acids to more completely extract Ni from www.ccsenet.org/jfr Journal of Food Research Vol. 4, No. 1; 2015 samples. However, such changes would result in greater costs of chemical and analysis times for the analyses. Fortunately, the highly consistent recoveries over two years, of Ni from the NIST 1570a spinach leaves CRM (Table 3) , as well as from the IQCM (Table 4) , can allow a correction factor to be applied to cocoa sample data for Ni. Nevertheless, based on the results of the two CRM, the optimized method was considered to be accurate and sufficiently precise for the determination of Cd, Cu, Ni and Zn of cocoa bean and chocolate samples.
Quality Control of Method of Analysis
The test method developed was applied to cocoa beans over two years, with each batch of beans being analyzed together with the CRM 1570a and the Internal Quality Control Material (IQCM) cocoa bean sample. Data generated from 43 CRM samples, each analyzed in triplicate over this period are shown in Tables 3. The mean CRM recoveries for each detectable metal over this period were consistent with their certified values ( Table 2 ). In addition, the RSD values (<10%) for each metal determined demonstrate the high precision and reproducibility of the test method. Our optimized, validated and quality controlled procedure is an inexpensive, accurate and reproducible alternative for the quantification of heavy metals in cocoa beans and chocolate. It utilizes only nitric acid (10 mL per sample) for metal extraction, thereby reducing costs compared to other methods that use a combination of acids (Dahiya et al., 2005; Srogi, 2006; Güldaş, 2008 (Quevauviller, 1995; Stephen & Piotr, 2005) usually requires >12 hours for the preparation of a batch of samples and cross-contamination is difficult to control.
While the dissolution and total decomposition of samples are required for the release of trace elements, the use of oxidizing acids can produce violent reactions upon digestion shortly after reagent additions (Twyman, 2005) , resulting in sample loss. Our method includes a 12-15 hour pre-digestion procedure which partially decomposes samples at room temperature, safely venting nitrogen oxides and minimizing excessive foaming and sample loss during subsequent heated sample digestion. Dispensing of the acid into the sample tubes takes a few seconds each, the pre-digestion requires no operator attention and the method using our heating block system can digest up to 128 samples per batch every 6 hours, with little operator attention. The capacity of this system far exceeds any of the commercially available block digestion systems and uses regular laboratory hotplates instead of dedicated equipment. The cost of our system was estimated to be 2 to 3 times less those of commercially manufactured equipment (Perkin Elmer, DigiPrep MS, AIM600). Since the aluminum blocks can be inexpensively fabricated to specification by mechanical workshops.
